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SUMMARY

This experimental inrestigaiion was conducted pri-
marily for the purpose OJobtaining a method of corre&”ng
to free air conditions the results of airfm”lforce tests in
~our open m“nd tunnel jets of different shapw Tests
were also made to determine whether the jet boundaries
had any appreeiabk eject on the gn”khingmoment8 of a
complete airplane model. The inreetigation was con-
cluded in the Atmospheric IWind Tunnel of the .Lmgley
Memorial Aeronautical Laboratory.

17te method of obtaining the airfoil corrections utilized
the results of force fest~made in eachjet on three similar
monoplane ai@il ~et~ps of different sizu. The data
from the teets in one of the jets which was circular ware
ertrapofated to the condition of in$nite air space, and the
resuks werefound to agree with those &ained by means
of Prandtl’a theoretical method of correction. On this
hawk correction~ were then obtained for all the other
airfoil tests.

Satisfactory correctionsfor the effect of the boundaries
of the rarioue jets were obtainedfor all the airfoils tested,
the 8pan of the largest being 0.76 of the jet width. The
correctionsfor angle of attack were, in general, larger
than thosefor drag. The boundaries had no appreciable.
@et on the pitching moments of either the airfoils or the
completeairplane model. Increasing turbulence appeared
io increase the minimum &ag and maximum lijl and to
decreasethe pitching moment.

INTRODUCTION

The results of teds on modeIs in wind tunneIs are
not directly applicable to airplanes in flight, because
tunnel conditions modify the tiow. Some causes of
the disqepanciea are known, and corrections have
been derhed which bring model and fuU scaIe redts
into better agreement. These corrections depend upon
the particuhr tunneI in which the modeI is tested, and
are made necessary chiefly by the effects of sale,
turbulence, and jet. boundaries.

The sade effect is due to the dMerence between the
nature of the air flow around the nmdeI in the tunneI
and that around the airphme in flight. This difference
is usually expressed in terms of the ReynoIds Number,

mhich, for air under ordinary conditions, is propor-
tional to the air speed and the size of~the object.
AIthough a considerable amount of data is available
on model tests at various ReynoIds Numbers, no
generaI corrections for swde effect ha~e b obtained,
because of tie erratic variation of the forces with
changes in scale. A discussion of scale effect will be
found in Reference 1.

In gmeraI, no two wind turmek have the same
amowit of turbulence. The information on this
effect is -rev -limited and no corrections ha~e thus far
been deri~ed. Some of the most recent work that has
been done on this problem is deseribed in References
2 and 3.

Jet boundary corrections are necessary, since, due
to the limited cross section of the wind trumeI jet,
the rnodeI causes a deflection of the air which is
different from that caussd by the airplane in flight-
Tbis correction depends upon the reiati~e &e of the
modeI and jet and upon the jet shape. In addition,
the correction is not the same for open and closed
jets. PrandtI (Reference 4) has clerked a theoretical
correction for this effect in open and closed jets of
circukr cross section, and au experimental oheck has
been made (Reference 5). Theoretical oorrectiona for
mrious shapes of clo~d rectangular jets SISOha~e
been obtained by Glauert, as given in Reference 6.

The cross-sectional area of the jet determines in a
large measure the cost and size of a wind tunnel
structure, as wdl as the power required to operate it.
Consequently, it is desirabIe to keep the jet area as
smaH as possible> consistent with obtaining a gi~en
Reynolds Number. A way of redming this area for
a given model span is to decrease the jet depth, the
width remaining the same, thus departing from the
oircuhir or sq~are.jets ~at have been common hither-
to. The area may be reduced further by rounding the
sides of tho jet. Because of the ease of accessibility
of the rnodeI, an open-jet tunnel is deairabIe.

Most of the more recentiy built tumeIs ha-re open
jets, but no corrections for jit boundary efkct in
open-throat tunnels of other than circular cross sec-
tion hare been hitherto available.
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This experimental investigation was conducted for
the purpose of obtaining the jet boundary corrections
for monoplane airfoik in four shapes of open jets.
These shapes as shown in Figure 1.were as follows:

1. circldar.
2. &to I rectangular.
3. ~Z to 1.tith semicircular sides.
4. 2 to 1 with semicircular sides.

The method used in determiningg these corrections
consisted of plotting the rasults of force tests made in
the circular jet on three similar airfoil set-ups of
dif7erent sizes. The forces corresponding to free air
conditions were then obtained by extrapolation, and
the corrections for the tcwts in the other three jets
were derived on this basis.

In order to obtain information on the effect of jet
boundaries on the pitching moments of a relatively
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large airplane model equipped with fuselage and tail
surfaces, additional tests were made in each jet on a
complete model of a seaplane.

In these tests, which were made in the Atmospheric
Wind Tunnel of the Langley Memorial Aeronautical
Laboratoryj the various jets were produced by re-
placing the regular closed throat of this tunnel with
the proper entrance and exit cones surrounded by a
rectangular box to simulate the test chamber. Figure
2 is a general cross-sectional tiew of the tunnel ar-
rangement with the circular cones in place.

MODELS AND APPARATUS

The detaiIs and dimensions of the four jets and
pairs of entrance and exit cones are shown in Figure 3.
The slots shown in the exit cone were to prevent
organ pipe pulsation, as exphiined in Reference 7.
Instead of the custamary exit cone flare, a cross-tunnel
walI was built flush with the end of the exit cone pro-
viding an annular space around the cone, preliminary
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experiments on a model of a wind tunnel having shown
that satisfactory flow could be obtained with this
construction. This arrangemcint was used as shown
in Figure 3, because of its simpkity of construction.
The slots shown around the outer edge of the wall
allowed the spillage sir to circuIate. The cones wem
constructed of one-sixteenth inch sheet iron. To in-
sure the proper shape, the mouth of each entrance
cone was made of wood, A wooden tast chamber was
built symmetrically about the center lino of each jet,
and was proportional to the jot dimensions, as shown
in Figure 3. The test chambers wera all of the sarno
length and width, while the height was in each caso
doubIe the height of the particular jet.

The three models used to determine the correction
factors were rectangular Clark Y airfoils, built of
laminated mahogany. The chord Iengths were 3, 4,
and 6 inches, and in each case the aspect ratio was 6.
The syrins of the airfoik were, respectively, 0,45, 0.60,
and 0.75 of the width of the jd,e. Expanded proflIo
Curvck-(Fiir& 4, 6, and 6] show &o specified and
avma~~ measured ordinates of thcso airfoils. TIM
measured ordinates wore obtained by taking tho mean
vahm from measurements made at a quarter of tho
span from each end of tho airfoil. These mcasurc-
mentawere made with a dividing engine.

The complete airplane model tested was a one-
twelf~ scale rep~icaof the Navy T. S. seaplane. Tho
span of the model was 0.75 of the width of the jcta.

The three airfoil setups in each jot were made as
nearly similar as possible in order that the remdtg
might be comparable without corrections for support
dr~ and interfer~ce. This was accomplished by the
use of similar wing skids, Iugs, links, wires, and wi.m
shields, alI dimensions of which were proportiona~ to
the ohm-daof the airfoils as shown in Figure 7. Setups
of the 5-inch chord airfoil in the various jets aro
shown in Figures 8, 9, 10, and 11, and of the seaplano
inthe2to ljetin Figure 12.

The wire balance used in these tnsts to measure tho
forces on the models was similar to the one described
in Reference 8.

“In the ttibukmce tests, described Iater, the smalIend
of the rectangular entrmme cone was covcrcd with
chicken wire. Figure 13 is a photograph of this wim
showing the size of the mesh.

A standard Prandtl Pitat tube was used for making
the initial dynamic pressure surveys. During the
force tests the dynamic pressure was measured on a
micromanometer, one side of which was conncctcd to
a “service Pitot tube,” while the other side was con-
nected to a static plate in the modeI test chamber, as
shown in Figure 2.

The angle of attack was initially set at Odegree by
the use of a level that was accurate to 1 minute. The
angle was varied by means of a calibrated sectaron
the lift balance,

—
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A-Sphorfml hone.vmmb (1~’ x 2}i~?~ onniml

tubu), ballmouth of boavar board.
B-Honoyoomb.ffn* (W )( ~t tubas),
C-Sarviae pitot tube.
D-Statio plate in test ahambar.
E-Squirrel aade of 4a radial vanas (Y X W ~

~’) and dmflator of boavor bnmd.
F—StraamIined strut for drag wire.

Q-Afrfo!l, invortad,
H—Countmwafgh t wire boot ●nd wire.
I—Counterweight,
J—Coilind,
K-ErporImant ohambor wall.
L--Benoh for inatrumonta,

iW-LHt ●nd moment balmrm, anile of ●ttaok
indioa tor.

N—Mioro-manomatar,
O-Dra# baJanaa,
P-Lift and momont wire boots.
9-lhtranoa oona (modal).
R—T~t ohambor (modal),
S-Slots in bail% wall.
T—Exit oane (modal),
WIota in exitaona (mod*l).

I

F1orInm2,–N, A. 0, A, atmaphario wind tunnal modhkl for openjettasta
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FIGVBE 11.—2to 1oircukr side jet with %InehchordnkfoltW-up
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FIGCEX 12.–2 ta 1efrcukr side jet vfth sew’hne mdeI set-nP .

TESTS

Pre%inary cahbration tests were neceswy after
the installation of each set of cones. TIM first test
consisted of vertical and horizontal dynamic p=ure
surveys passing through me centedine of the jet at
the location of the quarter-chord point of the models
which was about 10 inches downstream from the
entrance cone. In addition, a static pressure survey
was made in each jet aIong the centerline from 2
inches ahead of 8 position corresponding to the quarter
chord point of the model position to 1S inches down-
stream.

AU surve~ were made at an air speed of about
75 miles per hour, except two additional dynamic
pressure surveys in the circuIar jet at 60 and 100 miles
per hour. These additional surreys were made to
determine whether different speeds caused any change
in the dynamic pressure distribution. ‘l%& dHerence
was found to be negligible. The service Pitot was

617 ..—

next calibrated for seversdspeeda against the integrated —. —
mean dynamic pressure at the model position.
t Alignment tests were then made in each jet to de-
ermine the effective angularity of the air flow with

respect to the horizontal. A complete esplanation of
these tests wiII be found in the Appendix.

Fintiy, the airfoh were caretiy a&ned and tested
in each of the four jeti. ~t, drag, and pitcl@

moments were measured at 2° intervals o~er em angle
of attack range from zero M through maximum hft.
AH tests were made at a Re~olds A’umber of 225,000,
in order to eLiminatesde effect. This was accom-
plished by testing the 3, 4, and 5 inch chord airfoik
at velocities of 100, 75, and 60 miles per hour, respec-
tively:

An additional force test was made qn the 5-inch
chord airfofi, for the purpose of determining roughly
the effect of the turbulence produced by a wire screen
in the ?~ to 1 rectangular jet.. In this test it was
necessary to recalibrate the “service Pitot” on ac-
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count of thepresence of the screen. This was done by
making an additional dynamic pressure survey at the
mode~ location, The remainiug conditions were the
same as in the other airfoil tests.

As previously mentioned, force tests were made on
the T. & seaplane model in each of the four jets to
determine the eflect.a of the jet boundaries on the
pitching moments, The tafl setting was kept constant
during these tests. The same range of angks of attack
was cmvered and the same measurements, with the
exception of drag, were made as for the airfoil tests.
In order to keep the forces on this biplane model
within safe hits, it was necessary to make the tests
at an air speed of about 40 miles per hour, correspond-
ing to a Reynolds Number of 142,500.

Unusual care was necessary in making the testa in
this investigation, since thti reaulte depended upon
small diflerencea between relatively large quantities.
The dynamic pressure was held constant to within
+ 1 per cent, and the angle of attack was correct
to + O.1O. In order to o%tain sticient accuracy
and to prevent erratic results, all the force tests were
made in duplicate. The results from the dupIicate
tests were, in general, within 1 per cent of each other.

RESULTSAND DISCUSSION
Test data:

The dynamic pressure variation at the model loca-
tion for the various jets is given in Figures 14 to 17.
The results of the horizontal and vertical surveys in
each jet are plotted in terms of the percentage devia-
tion from the mean value of the dynamic pressure
obtained by integration over the region co~ered by
the span of the largest airfoil.

The results from the tests are presented in non-
dimensional form in Tables I to XX, and as curves in
Figures 18 to 37. The following
used, together with definitions:

CL. *$

CD’=~ ---qs’
(7M=+8

is a list of symbols

c,=@25-%9100
aal=a —a~

Where: C~=absolute lift coe%icient.
C~t=absolute drag coet%cient with certain

preliminary corrections.
CD= abaoIute drag coeflkient corrected for

jet boundary tiect.
a=’= angle of attack in degrees measured

from zero lift,
a~= angle of attack in degrees measured

from zero lift and corrected for jet
boundary effect.

L&= absolute moment coefficient with ref-
erence to an axis at one-quarter of
the chord from the leading edge of
the akfoil model. In the scaplano
reisdts this coefficient is about the
center of gravity.

C~= center of pressure location from the
leading edge of the model.

a = geometrical angle of attack as mcrtsurcd
with respect to tho chord line.

ati =geometrical angle of attack of zero lift..
L= measured lift.

D’= measured drag with preliminary cor-
rections.

dl=measured pitching moment.
S= area of airfoil.
c = chord of airfoil.
q=mean dynamic pressure o~er span of

model.

Preliminary corrections,
Certain “preliminary corrections to the test da

w-ere neceswuy before the correction factors for j
.

—
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FmuEI~13.-’iVLremeshused[n turbuleucatmu

boundary effect could be calculated. First, the actual
angle of attack was slightly larger than the measured
angle due to the stretch in the lift wires. To correct
for this the elongation of tho wires -was calculated.
This correction amountid to a maximum of about
0.3°, which occurred in the caso of the smallest air-
foil set-up, Afbr applying this correction, tho curves
of Iift versus angle of attack stfi showed variations at
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zero lift. This difhrence may. ha~e been partly due
to slight difkrences in profle, as shown in Figures 4 to
6, and also to inaccuracies m the initial setting of the

f.cki
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FIUWEX14.—Dynamlc pressme YarIstioII In clrenk jet at model an. NotEs
q= Dynsndo p~ at ~ PdJk qAr=htf8rStedmmn kunbntddymmfo
w=mov=smdtitibymdm

w@. The measured sngle of zero lift was subtracted
from each angle of attack to eliminate this ditlerence.

Preliminary corrections for drag were dso made.
These corrections were necessitated by buoyancy due

I

I

FIGUTX 15.—DFmsLcdc~ rsr?d.ion h d% to I r@Sn@sr jet st mdeI posi-
tkm. Note q=lXmunlo prmams at @ w~t. qAr-akd - hoii-
zontd dynsmk p~ OYWSPOIIC#&inch by 25-blchShfOfi

to the relatively large kmgitudimd static pressure
gradient in the jets, by and d&.rences in the
proties of the three airfoik, and by the effects of
turbulence.
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The ef?ect of kmgitudinal static pressure variation
on the drag of an ahfoil is usually neglected. In
thesa tests, howeww, it was found that the static
pressure gradient caused differences of as much as 10
per cent in minimum measured drag. Figure 18 shows
the longitudinal static pressure characteristics of each
of the four jets. The method of correcting the drag
for this effect is given in Reference 9, and is as follows:

(1)

where z= &ag due”to static pressure variation,
A’= effective volume of model, .

*- ‘ta~ ,~tec~tir~e.dz .
ssure gradient at any point alo~~

Equation (1) may be reduced to the following coeffi-
cient form:

C==$;g”

The term ~ ~ was obtained as shown in Figure 18.

The effective volume A’ for an airfoil was taken as 1.1
times the actual volume. (See Reference 9,) This drag
coefficient increment, C., varied with the diflerent jets
and airfoils, but.was considered practically constant at
a 1 angles of attackfm a given airfoil jet combination.
This is not strictly true, but since the percentage cor-
rection is appreciable only at small values of drag, the
erTora introduced by this assumption are negligible.
Since the Btatic pressure decreased in the downstream
direction, C. was subtracted from the drag coefficient.

After this correction had been applied it was found
that there was stall a, considerable variation in mini-
mum drag. Since at the angle of attack of minimum
drag the induced drag was negligible, the variation in
the measured drag was due to other than jet boundary
effects. It wiI1 be noted that since the various en-
trance cones were all. fitted to the same part of the
original tunnel throat, the ratio of the areasof the large
end to the small end of each cone was different. That
this difference probably had an effect on drag is shown
in - 19–A, in which CurVOSof minimum drag co-
efficient me plotted ~ersus area reduction in the difl-
erent entrance cones. The individual curves show
that for the three airfoils in the same jet there is a
consishsnt difference which may be attributed to in-
accuracies in the profiIes. (See Figures 4, 5, and 6.)

The mean values are also plotted in the figure and
sl& that for all the airfoils there is a decrease in drag
ceeftlcient with an increase in entrance cone reduction.
The only reasonable explanation that seems to be
left is that this variation was due @ differences in
tmbulence in the different jets, and it may be assumed
that the turbulence decreased with increasing area
reduction (Reference 10). In addition, the recent
work of Dryden on turbulence (Reference 3) shows
that increasing the turbulence results in an increase in
the drag coefficient of airships, and he predicts in-

COMMITllEEFOR AE~ONAUTICS

creased drag also for airfoils under these conditions,
In order to check this prediction, an additional forco
test was made in the rectangular jet with wire mesh
(&. 13) s~tched across the entr”sncecone, as men-
tioned above, The results of the tests on the sarno
airfoil with and without the screen are given in Fwure
20 and Table IJ and show that the profilo drag, CD.I

increases with turbulence at small Iift coeffi;lents as
predictid. Thus, turbulence may be considered to
account for the discrepancy between the mean drag
coefficients in the different cones. It wi~ be noted in
Figure 19-A that the average curve of rninhnum CD
becomes asymtotic at the larger values of area reduc-
tion which represents small degrees of jet turbulence.

.&l?6

ax
!sE.Qd “A“

.@$ .—

.C123
a 3-X Is”C+fcil -F 5x25dol+fcd
c1 4 “%20” O&foil1.28 X Mecncurve

k $

— --- ~$ $X — — -$-

1.24 ti. . ‘ ‘j., %f -$q” — ‘– -,--L

i!

1 u
I ~. .

“8” <~ ~’ -:..,@ j~
o

- ---
sb-. i.

1.t60 / 2 3 4 5 6
Area reduction m entrmce cane

FIGURE l!l–l%iations in mluimumdragaud maximumIKtforall testg

Thus, it appears that CDmiK= 0.0241 may be con-
sidered to represent practically nonturbulent flow, at
least in so far as small values of &ag for the air~oil
set-ups are concerned.

The obser~ed drag corrected for static pressure
gradient was no-w corrected for the effects of profilo
inaccuracy and turbulence by adding or subtmc ting
a factor which was assumed to be independent of angle
of attack, but which ~-ariedwith each test: as shown
in F&me 19-A. This mcreiy means that the drag
coefficient curves were adjusted so that all had the
same titi ~a~ue, CDmtm.= 0.024~. Thus, the
data when finally corrected for jet boundary effect
may be considered to represent free air conditions
without turbulence. ~

Maximum lift is also affectid by profile inaccuracie~.
and turbulence as shown in l?kures 19-B and 20.
Howev6r, no co~ctions were d&ed for these dis- -
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crepancies because of the critical nature of the flow at
the huge angles of attack.

The difkrences in the dynamic pressure distribution
in the mrious jets., F~es 14 to 17, caused negligible
dMerences in the force test readts. This was due to
the fact that in each force test the dynamic pressure
was taken as the meam due obtained by integration
of the survey from tip to tip of the particular airfoil.

Jet boundary corrections.
After the prdiminary corrections had been apphd,

the data were in the proper form for the determination
of the jet boundary corrections. The that-step taken
was the calculation of the corrections for the three
airfoils in the circular jet by the theoretical method

For open jets the corrections h, and AL?~tare to be
subtracted from a and CD’, respectidy.

It wilI be seen that two factors enter into these -
s b4

corrections, i. e., – and
()An. Of these the ratio of

—

the areas, $, is by far the more important, but when
-- -

the r~tio of span to jet diameter exceeds ~, the $

term becomes appreciable.
For conw.nience in the foIIow& analysis, Equations —

(4) and (5) may be written: —

m

h

FIGIXI ikl.-IJft A moment vecwspmflIe dmgshcming efWtafturbdetmt inthe d~ta lmctmguk~e.t

derived by Prandtl, as gken in Reference 6. The ~
method is based on the assumption of elliptical lift
distribution over the airfoiI span, and the equations are
%sfouows :

(4)

and t

AC~{= tt; CL2 (5)

where !

‘=K’++W+-.“) (6)

Acq= angle of attack induced by jet boundaries. ~
AC%= coefikient of drag induced by jet boundaries. ~

CL=Iift coefficient.
~=mea of airfoil.
17=diameter of the jet. -
b‘SpM1 of SirfOfi.

A =cross-sectional area of the jet. ~

and

.-
— . .
L --—-

.-
-—
“~ .—

-.-— ..:.
-.

..-.
——
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.- ,—_
—

.-
.,—<—
:..—

..-
. .:>-—.—

(8)

where Acrtis now expressed in degrees,
& =correction factor for angIe of attack.
8D= correction factor for drag.

The values of & and ~~ were next determined from
the experimental data. This was done in the case of

()& b~ extrapolating to free air conditions ~= O the

c-mres drawn through the values of angle of attack
for the same lift on each airfoiI (see fig. 21). The

difference betn-een the intercept at $’= O and the

measured angle of attack of a particuk airfofi was
ACCf,which, when used in Equation (6), tag-ether with

.—

—

—

—
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—

ssuitable values of CLand ~ gave &. The final -ralue
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of & was the average obtained from the extmpolation
of the curves for 11 d.iflerent values of lift as shown
in Figure 21. The same procedure was used in
obtaining ~Dfrom Equation (7), drag instead of angle
of attack being the dependent variable, as shown in

o .@ 04 .06 .08. JO ./2 .f4 .f6
S/A

FIGUFU21.–An@e of am VW MtiO OfIMdd ?uW.tOjet EJMhi dIC@I
jet for determining 6CX

Figure 22. The data for obtainigg these two conec-
tion factors are given in Tables II and HI.

A comparison of the theoretical and experimental
values of & and 8D for the tkweeairfoils h the circular
jet may be made by reference h Figure 23 and Table
IV. The agreement between the 3 and 4 inch chord
airfoiI results is excellent, but for the 5-inch chord
airfoil the experimental values are greater than the
theoretical, and &is considerably larger than ~~. This
indicates that the lift distribution over the span of this
airfoil has been modified by the jet boundaries so that
it is no longer approximately elliptical.

It was assumed, by reason of the agreement of the
theoreticrd and experimental correction factors for
the 3 and 4 inch chord airfoiIs, that the corrected
angles of attack and drag represented free air condi-
tions for these models. The correction factors for
the other jets were determined on the basis of this
assumption.

Them remaining values of & and i3~wore obtained
from Equations. (6) and (7) by substituting tho propor
values of Aai and ACD{,respectively, for a given value
of C~. Th= angle of attack and drag incmmcnts
are as folIows:

Acq= aat- a.

and -
AoDi= CD’ -CD

where %’ and CD’ are the angle of attack and drag
coefficient, respectively, as determined from the tests
with prebinary corrections applied, and whcro %
and Cu me the angle of attack and drag caefllcient,
respectively, for free air conditions as drhrmined
horn the extrapolated curves (figs, 21 and 22) and
from the theoretical corrections. The final values of
8= and ‘d~ are, as before, the av&rage of the values
obtained for several different lift coeffi~ients. ‘

The correction facfms for all four jets are plotted
in Figures 23 to 26 against the ratio of model span to
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widtk of jet. It will be seen that large difkrcnccs
exist ,between the factors both for tho various jet
shapes and also for the different airfoils. Moreover,
except for the 4-inch chord airfoil in the rcctanguhir
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jet, & is greater than ~~. II is be.Iievedthat all these
discrepancies may be attributed to the departure from
the assumed diptical distribution of lift, and doubt-
less represent a change in the series of Equation (6).
As might be anticipated on this basis, the correction
factors show an increase as the jet depth is decreased.
The eflect of the semicircular sides on the -@ to I

.— s% Ofmo&i

Widfh of jet

jet is to decrease somewhat the magnitude of the fac-
tors as compared with those for the rectangular jet.

The validity of these corrections for angle of attack
and drag as given by Equations (4) and (5) was then
tested by using them to correct all the wind tunnel re-
sults to free air conditions. F~es 27 to 34 are curves
of Iift and dr~mversus angle of attack and the polsr for
each airfoiIin the four jets, togethertit.h the correspond-
ing free air curws for comparison. The data from

.53an 0fn7w3el
Wid/h of jet

FIGUZE !M.-Cmrectfon Mom mime ratfo af modd w to Jetwidth fm 42
tol~kt

which these &ures were obtained are gi~en in Tablea V
to XVI. These curves to which the preliminary correc-
tions have been applied show the magnitude of the
discrepancies due to the jet boundaries. The find
corrected resuh for alI the teats are plotted togethw
in Figures 35 and 36. Each curve contains 168 points
representing 336 individual measurements. It wilI be
seen that the corrections are quite satisfactory up as
far as the angle of maximum lift, beyond which, as
might be expected, the points scatt~ considerably.

This scattering is probably due to profiIe inaccuracies
and to turbulence in the jet, both of which produce
rdatively hinge changes in flow in this region. This
is shown in greater detail in Figures 19–B and 20, as
mentioned above.

It has been hitherto demonstrated both theoretically
and qeriment ally that the pitching moment and

.4

-3

62
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FIGraE 25.-Cocreetfmhctas mrsueratfo of @ .qwnto fet ddthfort%

to Iefmulersfdejet

center of pressure remain the swne for any airfoiL in
either two or three dimensional flow @eference 11).
k other words, these two characteristics are independ-
ent of the lift distribution. The center of pressure
curve is given in Figure 35 and the curve of moment
coef%cient about the quarter-chord point j in Fiire
36. No corrections were applied except for the center
of pressure which was plotted on the same angle of
attack basis as (7.. and & The agreement is satis-

.
,4
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d2

.1

%-.2 .3 .4 5 x .7 .8
S&n Of&

I+7df~ Ofsf

FIG- 26.-CmectfOU h12+OlX+WISUSratio of rodkl P to T&WI d fet for 2
tolcfrclllnrskiefet

factory, and such discrepancies as exist maybe attrib-
uted also to profle inaccuracies and to &Eeraces in
turbulence. The latter eqhnation is based on the
difference between the two moment curves obtained
from the turbulence tests as given in Figure 20.

The results of the pitching mommt tests on the
seaplane model are given in Tables XTII to XX and
in Figure 37, where pitching moment coefficient, OH,
about the C. Q. is plotted against CL for the four
tests. The agreement may be considered satis-
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FIGVRE ‘28.-Lift wsne drag for tirm airfoils in the ch’cuk jet

FIWRE ‘29.-Ltft and drag wrms an~e of attfiek for tkueeafrfotLein 42 to 1
rectmgnlar jet
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factory with the exception of the tWe in the 2 to 1
circular side jet. In these tests the upper wing of
the model was apparently too near the botbm of the
jet, as shown in Figure 12, and hence was probably in
a region of low velocity. Aa the angle of attack was
increased the wing was raised into a region of higher
velocity, which would account for the better agree-
ment in the momente at values of C’~greater than 0.8.

It is evident thttt the change in lift distribution pro-
duced by the jet boundaries did not appreciably
modify the downwash, and consequently the pitching
moment due to fuselage and horizontal tail at a given
lift coefficient, was independent of the shape of the jet.

o 2 .4 .6 .8 Lo t.2
c=

FIGUREa7.—PItchInsmoment versusUft forT.S.seaplnnemodel In fonrjets

However, if it were desired to plot CM against a, it
would be necessary to correct for the angle of attack
increment, A%, induced by the jet boundaries.

CONCLUSIONS

1. The method used in this investigation has made
possible the experimental determination of jet boun-
dary corrections for monoplane airfoils in open jets of
four shapes for ratios of model span to jet width up to
0.75.

2. Prandtl’s theoretical method of correcting for jet
bounda~ effect in circular open throat tumels may be
considered satisfactory for monoplane airfoils whose
span is not greater than 0.6 of the jet diameter.

3, The experimentally determined correction factms
for angle of attack were, in general, greater than those
for drag,

COMMITTEE FOR AERONAUTICS

4. Jet boundaries had no appreciable effect on tJm
airfoil pitahing moments or center of pressure within
the Iimite of the investigation,

5. Jet boundaries also had no appreciable effect on
the pitching moments of a complete airplane.

6. ,~pcreasing turbulence appeared to increase the
mi&mm drag and maximum lift, and to decrease the
pitching moment.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR

AERO~AUTICS,

LA~GLEY FIELD, HAMPTOIT, VA.,

April 16, 1990.
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Balance alignment.
If the direction in which the Iift is measured on a

wind tunnel bahmce is not normal to the effeotive
direction of the air stream o~er the airfoil, the angle of

FIGUEE&S-Fmm disgmm for Wgmnent trots

attack, Iift and drag as measured wilI be incorrect.
This error may be eliminated by making two t~ts,
one with the airfoiI in the normrd test position, and
one with it inverted and averaging the rwuh%.
It appears that this method was fit used by
EiEel in 1910 (Reference 12].

It is not necessary to use this double test
method in td.1 t-ts if the bslsnce is once
properly aligned. This can be accomphshed by
making one set of airfoil tests in the normal and
inverted positiom, and calculating therefrom the
amount by which the bahnos is misaligned.
The bakmce system can then be adjusted and the
resuIts of tests with the airfoiI in the normaI
position w-ilI be earreot. An occasional check
test wilI enable the proper alignment to be
maintained.

A satisfactory method of determining the
direction of the air stream involv~ the use of the

value of maximum ~ for both the normal and

inverted test positions. If the center line of the
wind tunnel jet be taken as a conwnient arbi-
trmy reference for inititdly aligning the bahmce
suystem,the angle, e, between this line and the
effecti~e wind direction wilI modify the meas-

@+e) (where L?=cot+ ~). For the maximum

vahxee of —~p is a minimum and, therefore, the same:
for both positions, and

L’
()

L
()cot-’ D ‘ax” – ‘t-[ D ‘x”

●= —..
2

()Asimple graphical method of obtaining ewhen $ max.

()and ~ max. are known is given in F~e 39, which is

self&pl&atory.

If the two ~ curves are plotted against indicated

angh?s of attack, a curve drawn through the mean
L

vaks of the points fl approximate the true ~ curve.

The error in
.

maximum — is then the difference be-;
tween the miucimum value of either of these curves
and that of the mean curve. In addition, the angle
which the lift members of the bakmce system ,make

ured Iift and drag as shown in Fti 38. From the
figure it will be seen that for the nornd test position
L L’
~= cot (@—e) and for the imwxrted position ~= cot

.- -.

,.

-—

----

with the normal to the effective air stream direction .—
is approximately the difference between the angks at .—

which ~= O for either experimental curve and the

629
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mean curve. However, this simple method of obtain-
ing the angle of deviation should be ua@ only as a
rough determination, since the experimemhd errors in
setting the angle of attack are usua~y considerably
larger than the ma-dmum allowable deviation which,
in general, shotid not be greater than +0.05 degree
for airfoil tests. For accurate aligmnent, the method

involving the use of maximum ~ should be used as

explained above. However, exceptional care &odd

be taken in obtaining these maximum values of ~.

ln the foregoing investigation the accurate method
was used in aligning the balance system in each jet.

—.

COMMI’ITEiil FOR AERONA~CS
----

Force tests were made on the airfoil in buth nomlal
and inverted positions, and the corresponding wducs of
L
~ were obtained. The angle, q between the cflcc tim

air stream direction and the center line was then deter:
mined on the basis of the diiTorences in mnsimum

# for the two tests, and the direction of tho lift wires
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was changed accordingly. This was most easily
accomplished by multiplying sin e by the weight used.
The result represented the component which tho drag
bakmce should read when the weight was in PIMOon
the airfoil. Tho length of tho drag wires waq then
adjusted untiI the tare with and without the wdght

Angle of aftack, ~

FIQUEE40.-Alignment form te.stwLift and drag vf#srM8us18of attack.
4-lncbby !Wncb Ohrk Y alrfoll. Q lb. 9.S - par square foot

The 4-inch chord airfoil was mounted in the tunnel
with a duplicate set of lugs on the upper surface. The
center line of the jet was taken as the arbitrary base
line. The length of the Iift wires was first adjusted
to bring the drag wires into the horizontal plane of
the jet center line. The lift wires were then made per-
pendicular to the horizontal base line in the following
manner: First, the tare drag was measured, then a
weight was placed on the airfoiI and the drag meas-
ured again. Any difference between the two readings
was ehninated by changing the kmgth of the drag
wires, and thereby shifting the lift wires until the tare
drag was the same with the weight either on or off.
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anglaof attack

didered by this amount. Since in them tests tho forces
were taken only over the angle of attack range from
zero ut through maximum lift, it was not UOCCSWLWto
realign the drag wires because the drag forces were so —
smaIl that the component in the lift direction was
negligible. Figure 40 shows the measured lift and

drag as obtained from the i.mts in the two positions
plotted versus indicated angle of athck a. l?rom tho

curves of ~ versus a, Figuro 41. the maximum vahlcs of

L“””
D ‘em ‘a]{en”

These values am shown in Figuro 39 -

as cot @ – e) and cot ~+ e).. This figure 6hOViSthut -—
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TABLE IIL—FORCE TEST, CIRCULAR JET

(Data taken trom W curvedbr daterdndon Of/D)

the angle, ~, in this part~cular cass was 0.62 degree.
The sense of this angle was as shown in Figure 38, sa
that to align the ba.hnce and airfoil with the wind
direction the airfoiI was moYed upstream unf.d the
lift wiresmade an angle of 0.62 degree with the wrtical.
The difference in the tare drag readings with and with-
out a 2,000-grsm weight on the airfoil was:

A&= 2,000 sin 0.62 degree

=21.5 grams.

The angle was such that the tare fiag wu greater titb
the weight in place.

In some wind tunnel installations it is not possible
t.aaIign the balance with respect to the air stream. In
this event, after the angle c has been determined, the
true drag may be obtained by correcting the measmd
drag in the fo~owing manner:

.
D=D’&L sin ●.

Whether the drag correction is to be added or subtracted
from the measured drag depends, of course, on tie
sense of e.
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TABLE VII.—FORCE TEST, CIRCULAR JET
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.846

CD

am
.0241
.0268
.0296
.02e4
.0407
.Msd
.0741
.0211
. 10M
M“

.2122

.2430

a. de&

-a 61
+1. 20

km
6.IN

U!
Ia m
12,72
M 04
16.62
la U
.2L62

%H

a.’ de& CD’ CL c, CD

ao208
.0289
.0246
. C976

:&l
. M74
.0717

:%3
. M.5!a
. ma
, 1=1
.2641

a. dm

-& 48
+~ ~

:OJ

&76
lam
1946
14.aa
16,19
laIl
all
irall
24.18

-U 66
+L 8S

a 42
k46
7.60

1!:
Ia 61
16.64
17.67
IQ W
2L 6.9
2a09
2&lu

-0.62
++1.g

&64
7.66

l?%
12.02
lb 34
17.86

:?

.s365

-a 031
+: g

:%
.028
.755
.879

i%!l
L 182
1.182
L 170
L 120

-+-g
:686
.480
..W
.356
.838
, an
.819
. ala
.Ihm
. S16
.221
.340

TABLE 1X.—FORCE TEST
TABLE XIII.-FORCE TEST

(~to I ~ejet; 1-III.by *in. Clerk Y akfoU)

cm c,
— —

-mom -1.846
–. 0@5 +: ~
–. Cb364
-. Od46 ;%
-. M46
-.0354
-. CM71 %
-. OoaB .829
-. m .810
-. M78 .812
-. W7 . am
-. W .819
-. aws .227
-. 1LU9 ,a44

d dw

.-I 163
+: aJl

;$
9.47

11.49
18.61

RE
IQ M
21,M
a%bd
2S.60

cd

0.0288
.E!41
.0206
.m14
.0401

. :E
.0379
. 10s2
.1804
. 16a4
,1874
.W24
.m84

CL
-
*L

:222
.866
.492
.620
.760
.875

ig
L 173

w
L 10S

CD

a 02JS

:%!
.0238
.0361
.0440
.0571
.0719
. W6
.1068
.1244
. Iiwl
.1948
.W2

a. de&

-a w
+*:

6.02

::
la61
la! 49
M 87
16.!M
l&j9
!23.18
a 19
2420

r.) deg. CD’ c,

-%m
+1: 0#

.486

:E
.842
.22a
.&al
.814

:%!
.234

:~
.0254
.0809
.0402
.0b21
. Obm

%iJ
.16s9
.1764
. lm

-a am -QO71O
+:g -.0678

-, ImS3
-. C#6

% -. m
.695 -.0246
.710 -.0882
.s26 -.0846
. G9b -. 065a

L 02a -. m
L 182 -. m

-. lMo2
;%! -.1019

0.IE55 ‘ -a46

:E ~ ‘M

:& 1 *U

.041M i

.Obaf :;

.Wo lL 67

.m lL u
,W49 16.46
.1126 17.m
.1812 I 19.12
.1M2 , 91.11

‘=

..
—

TABLE X.—FORCE TEST TABLE XIV, -FORCE TEST

(-to 1reatengrdarjeti 2A. by2bfm Clnrk Y elrfoff) (2 to 1ebmdarsfdeJet; 6.1., by l&lrL Chrk Y alxfofl)

T

d de& CD’

-i 45 y Om%
+;:

.0269

!$ :l%!
. Obal

1% .0c88
la 79 .0848
lL # . low
17.86 . M@
19.88 . 14?4
2L 48 .1706
28.88 ,mm
X80 .2670

a.’ deg. cd
— —

-a 60 ~ ~;
+-L 41

a42 .C#!4
8.44 .W4
7.46 . Ml

.06a6
1:; .0091
18.49
lh lo :E
17.61 .1818
10.6!2 , 1s51
X68 .1788
2968 .m
2&62 .24W

“cLr

-CL0718
-.0474
-.0360
-.0547
-. M80
-. W48
-.0646
-. Cd29
-. m

:;~

-.0748
–. Oasa

CL c,

..[

CD

–L78J amo
+LM7 : ~

.666
.O!&l

:=
.869 :E
.840 .0381
.8’46 . ml
;g

:%!
.810 .1148
.807 . lam
.an .1617
.226 .Wb8

a. deg.

-a 68
+1.22

2W
4.i%

M’
la08
lLaf
la61
M. 4a
17.25
M. 11

U

CL CMIC,ICD

-ao26
+: ~

.388
,470
.602
.716

ii%

yi$

L!MI
L 163

-a 029
+. OQa

.224

:$

.789

%!
L m
L lb)
L 182
L 163
1.1C5

-aa
+1. n

&16
&96
b73
&49

laZ3
12,07
la, &a
M,71
17.08
19.S1
M. 66
26.C4!



633AIRFOIL TESTS IW FOUR OPEN WIND TUNNEL JZKCSOF DIFFERENT SHAPES

TABLE XY.—FORCE TEST
(im IcirmdarsklejeC 4hby2&hLWYahf0uj

TABLE XVIII.-FORCE TEST

(.Tti 1~ 1* T. 8. seaplanemoidj

#
—

& ‘ CL ICM

CM I
I

c!,

:;
5.al
7. a
9.s-i

1LS6
n(is
15m
17.61
lQ 62
2L 62

, 23.63
U62

M
-+a~ +&Hs5 Iai6 llg.U3 M.76

:lm . ICP32 17.i6
. au

.930
.W’fcl 19.76
.ms %

:= %: LRW
.631 .0175

. ——.—
; .—
.,.-.

.-.-
-

“-
.. T

I 11 1

TABLE X3.X.-FORCE TEST

(@to 1~ eideJeu T. S. eeylene mod

—

“r
u.’ dw.

–a w
+&#

&4a
7.m

l!:

. . = .:.- ‘“
—TABLE XYI.—FORCE TEST

I.Zm 1cfrcule.rside jet; 5.4mby 2S.IILChk Y MC@
.—:. .—

Clf CL c,

.—
---
-:

.— -.—---

: -CL45
I H1.

EZ,
~ 61

: 11.69
I l&Q

1564
17.a
19.66
2L 67

, 96.67
B 2L67

TABLE XX-FORCE TEST -- ,>=.-
(2 to 1 cimier WeJet;T. S. siaphne mold)

.:
..L—.—

..—.—..-—
—-.

Cx ‘“as’ deg.CL CL

:&5

. 7s

.W

.Wi’

:1%

1,

-l-CM&

1
mm
I&76

.L2m 17.76

. H29 19.76
2Li6

:E 2s.76
.0M6 Zi 76

U4& ;

–mm :_-~.~ ,
-.uiw ,
-. L16
–.l&s

T.$BLE XVI1.—FORCE TEST, CIRCULAR JET

(T. S. eenplenemodel)
—-—

.—
—

‘. ‘..-
.-

..”.+-

. ..-” :;.
. +

—.---.—
—-.—


